2014), therefore decreasing the mobility of As. There is some evidence that the 93 complexation of As(III) with phytochelatins (PCs) decreases As(III) mobility from 94 roots to shoots in A. thaliana, with the shoot to root As concentration ratio in the PC 95 mutant cad1;3 and the glutathione (GSH) mutant cad1;2 being 5 -10 fold higher 96 than wild-type plants (Liu et al., 2010) . In the As hyperaccumulator P. vittata, As(V) 97 remains the predominant As species in the roots after As(V) exposure and there is 
101
Another key determinant of the root to shoot As translocation is xylem loading.
102
Both As(III) and As(V) are found in the xylem sap, although there is usually more 103 As(III) than As(V) even when plants are exposed to As(V) (reviewed in Zhao et al., 104 2009). As(V) may be loaded into the xylem via phosphate transporters such as 105 PHO1, but pho1 mutants did not show decreased As accumulation in the shoots 106 compared with WT plants (Quaghebeur & Rengel, 2004) , suggesting that As(III) is 107 the main As species loaded into the xylem in WT plants. As(III) can be loaded into 108 the xylem via NIP3;1 and NIP7;1 in A. thaliana (Xu et al., 2015; Lindsay & 109 Maathuis, 2016). In rice, the silicic acid efflux transporter Lsi2 is also able to 110 transport As(III) out of the cells toward the stele for xylem loading (Ma et al., 2008) .
111
A high expression of Lsi2 and its polar localisation on the proximal side of the 112 endodermal cells probably explain the relatively high translocation of As(III) in rice 113 5 (Ma et al., 2008) . In P. vittata, As(III) was found to be the main form of As in the 114 xylem sap . However, how As(III) is loaded into the xylem in this In the present study, we tested the effects of different combinations of gene 127 knockout and heterologous expression on As accumulation, especially the mobility 128 of As during root-to-shoot translocation, and As tolerance in A. thaliana. The genes 129 tested included the As(V) reductase (HAC1), -glutamyl-cysteine synthetase
130
(-ECS), PC synthase (PCS1), phosphate effluxer (PHO1) and PvACR3. (Table 1 ). These results demonstrate that the expression of
295
PvACR3 confers both As(III) and As(V) tolerance in A. thaliana.
296
We next investigated the effect of PvACR3 expression on As accumulation in A.
297
thaliana. Plants were grown hydroponically and then exposed to 5 M As(III) or shoot tissues was determined in the As(V) experiment. As(III) was the predominant
308
As species in WT plants, accounting for 92% and 94% of the total As in the roots 309 and shoots, respectively, indicating an efficient As(V) reduction in A. thaliana.
310
Expression of PvACR3 decreased the As(III)% in the roots to 88 -89%, but 311 increased the As(III)% in the shoots to 95 -96%.
312
Because PvACR3 encodes an As(III) efflux transporter (Indriolo et al., 2010 ),
313
we also estimated As(III) efflux from roots to the external medium following As(V) 314 uptake in the As(V) exposure experiment. We found no significant differences 315 between WT and PvACR3 transgenic plants in either As(V) uptake or As(III) efflux,
316
with As(III) efflux accounting for 82 -85% of the As(V) uptake after 1 day of As(V) 317 exposure (Fig. 1e) .
318
To determine whether the expression of PvACR3 in the root, the shoot or both 
344
The plasma membrane localisation of PvACR3:AcGFP was also confirmed by 345 protein immunoblotting using antibodies to GFP after membrane purification using PvACR3-E8 hac1-2 are similar, so only the dataset of the former is shown here.
362
Consistent with the results shown in Fig. S2 and those reported by Chao et al.
363
(2014), PvACR3 expression increased As(V) tolerance in A. thaliana, whereas hac1 364 mutants were more sensitive to As(V) than WT plants ( Supplementary Fig. S5 , could not be estimated (Table 1) . Expression of PvACR3 in hac1 mutants enhanced 368 the As(V) tolerance to a level that was similar to or higher than that of WT plants, 369 but lower than that of PvACR3-E8 plants, especially at the high (250 M) As(V) 370 concentration (Fig. S5 , Table 1 ).
371
We then determined As accumulation and speciation in hydroponically grown 372 plants exposed to 5 M As(V) for 1 day. HAC1 mutation resulted in a 35% decrease 373 in the root As(III) concentration, but a 16 -24 fold increase in the root As(V) 374 concentration, compared with WT (Fig. 3a) . by 114 -117 fold (Fig. 3b) . The increase in the shoot As concentration in
386
PvACR3-E8 hac1 plants was more than the additive effect of PvACR3-E8 and hac1
387
alone. In all lines, As(III) was the predominant As species in the shoots (>90%). In 388 this experiment, the shoot to root As concentration ratio increased from 0.002 in
389
WT to approximately 0.015 in hac1 mutants and 0.24 in PvACR3-E8 hac1 plants.
390
We also determined As(III) efflux from the roots to the external medium following
391
As(V) uptake. In agreement with a previous study (Chao et al., 2014) , HAC1 392 mutation greatly decreased As(III) efflux to the external medium (Fig. 3c) . By 
395
We also generated PvACR3 expression lines in the hac1 mutant (hac1-2) ranged from 31% to 52%, which was not significantly different from that in hac1-2
403
( Fig. 4a) . Compared with Col-0, hac1-2 contained 8.5 fold higher total As 404 concentration in the shoots (Fig. 4b) . Expression of PvACR3 in hac1-2 enhanced As 
408
To assess the As accumulation ability of PvACR3 hac1-2 plants in soil, the 409 three transgenic lines, hac1-2, Col-0 and P. vittata were grown in an
410
As-contaminated soil. Shoot biomass after 3-week growth was not significantly 411 different between different A. thaliana lines (Fig. 5a ). Compared with Col-0, shoot
412
As concentration was 9.7 and 35 -39 times higher in hac1-2 and the three lines of
413
PvACR3 hac1-2, respectively (Fig. 5b) . After P. vittata was transplanted into the 414 same soil for 3 or 6 weeks, there was no significant increase in the frond biomass 415 (Fig. 5c ). There was also no significant increase in As concentration in the fronds 3 416 weeks after transplanting compared with the initial As concentration at the time of 417 transplanting (Fig. 5d) . Six weeks after transplanting, As concentration in P. vittata 418 fronds increased from the initial level of 14 mg kg -1 to 54 mg kg -1 (Fig. 5d) Because hac1 mutants accumulated large amounts of As(V) in the roots (Fig. 3a) , 426 we hypothesized that As(V) may be loaded into the xylem in the roots via the PHO1 double mutant showed the same growth phenotype as pho1-2 (Fig. 6a) . Arsenic 436 speciation in roots and shoots was determined after plants were exposed to 5 M
437
As(V) for 1 day in the absence of phosphate. The pho1-2 mutant showed no 438 significant differences from Col-0 in the total concentrations of As in the roots and 439 shoots, and there were also no significant differences in As speciation with As(III)
440
accounting for 95 -98% of the total As (Fig. 6b, c It is well known that GSH and PCs are crucial for As detoxification through the Fig. S7 ).
472
Tolerance to As(V) was assessed by measuring root and shoot biomass after Fig. 8 , Table 1 ). hac1 mutants were also more sensitive than Col-0, (Table 1) .
482
After exposure to 5 M As(V) for 1 day, hac1-2 accumulated 2 and 12 fold 483 more As in the roots and shoots, respectively, than Col-0 (Fig. 7a, b) . hac1-2 had 25% lower shoot As concentration than hac1-2. With regard to As 488 speciation, HAC1 mutation markedly decreased the ability of roots to reduce As(V)
489
to As(III), resulting in a decrease in the proportion of As(III) in the total As from 490 85% in Col-0 to 18% in hac1-2 (Fig. 7a) . cad2-1 and cad1-3 mutants also had lower show that a combination of these two genetic events leads to As hyperaccumulation 506 in the shoots of A. thaliana (Figs. 3-5) . The combined effect is more than additive 507 of the two events alone. Moreover, when hac1 PvACR3 plants were grown in an As 508 contaminated soil for 3 weeks, they accumulated As in the shoots to levels 509 comparable to the As hyperaccumulating fern P. vittata grown on the same soil for 6 510 weeks after transplanting (Fig. 5 ).
511
Consistent with the previous study (Chao et al., 2014) , HAC1 mutation leads to 512 a greatly decreased As(III) efflux from the roots to the external medium following
513
As(V) uptake and a markedly increased As translocation from the roots to the 514 shoots (Fig. 3 ) . This effect has also been observed in the rice mutants of OsHAC1;1, PvACR3 transgenic lines (Fig. 1) . This enhancement occurred regardless of whether
527
As was supplied to plants in the form of As(V) or As(III) (Fig. 1) . Although
528
PvACR3 was shown to be a vacuolar As(III) transporter in the gametophyte of P. explaining decreased concentrations of not only As(III) but also As(V) in the roots 556 of hac1 PvACR3 plants (Fig. 3) . Different from hac1 PvACR3 plants, hac1 pho1 557 double mutant had a much lower As concentration in the shoots than hac1 single 558 mutant (Fig. 6) . The phenotype of hac1 pho1 double mutant with a markedly 559 decreased As accumulation in the shoots suggests that As(V) is also loaded into the 560 xylem via PHO1. This mechanism is important in the hac1 background because of 561 the build-up of As(V) in the roots, but not in the Col-0 background because most of 562 the As(V) taken up was reduced to As(III) (Figs. 3 and 6) . Therefore, xylem loading 
570
Another possible contributing factor in As hyperaccumulation in P. vittata is 571 that most of the As in the roots is not complexed with thiol compounds and hence is 572 highly mobile for root to shoot translocation (Zhao et al., 2009) . The shoot to root
573
As concentration ratio was significantly higher in the cad1-3 and cad2-1 mutants 574 than in Col-0 (Fig. 7 ), consistent with a higher As mobility in these mutants.
575
However, this effect is far smaller than that caused by either HAC1 mutation or
576
PvACR3 expression (Figs. 3 and 7) . Combining thiol mutants with HAC1 mutation 577 also did not increase the root to shoot As translocation beyond the level observed in 578 the hac1 mutant (Fig. 7) . These results suggest that the effect on root to shoot As The hypersensitivity of cad1-3 and cad2-1 to As(V) is required even at relatively low levels of As exposure, whereas HAC1 mediated 596
As(V) reduction and subsequent As(III) efflux confers As(V) tolerance only at high 597 levels of As(V) exposure. Interestingly, hac1 cad2-1 roots contained As almost 598 exclusively in the form of As(V) after exposure to 5 M As(V) for 1 day (Fig. 7) ,
599
demonstrating that the double mutant has lost most of the As(V) reduction capacity.
600
This result suggests that GSH is required as a reductant for either enzymatic or 601 non-enzymatic As(V) reduction.
602
Unlike As non-hyperaccumulators, only a very small proportions of As in P. significantly increased its tolerance to both As(V) and As(III) (Fig. S2 ). This result 609 is in agreement with the study by Chen et al. (2013) . However, their suggestion that
610
PvACR3 enhances As tolerance by extruding As(III) from root cells to the external 611 medium is not supported by our data (Fig. 1) . Instead, PvACR3 likely mediates which shows that PvACR3 expressed in the root alone is sufficient to explain the 619 enhanced As tolerance in PvACR3 expressing A. thaliana plants (Fig. 2) . PvACR3 620 expression in the hac1 background also partially rescued the As(V) sensitive 621 phenotype caused by HAC1 mutation (Fig. S5) , which may be attributed to 622 decreased As(III) concentration in the roots (Fig. 3) 
817
Same letter within graphs represents lines that are not significantly different (P>0.05).
818
PvACR3-E8 lines was used as a PvACR3 expressing transgenic line. 
